In this paper, an optoelectronic device simulation framework valid for arbitrary spatial variation of electronic potentials and optical modes, and for transport regimes ranging from ballistic to diffusive, is used to study non-local photon absorption, photocurrent generation and carrier extraction in ultra-thin film and nanostructure-based solar cell devices at the radiative limit. Among the effects that are revealed by the microscopic approach and which are inaccessible to macroscopic models is the impact of structure, doping or bias induced nanoscale potential variations on the local photogeneration rate and the photocarrier transport regime.
Introduction
With the introduction of novel light-trapping schemes reaching beyond the ray-optics limit, high-efficiency solar cells with an active absorber thickness of only a fraction of the typical irradiation wavelength are becoming interesting alternatives to expensive wafer-based architectures. In the case where these ultra-thin film solar cells are made of highmobility semiconductors, the classical picture of local charge carrier generation and diffusive transport in thermalized distributions may no longer be appropriate, especially in the presence of strong doping-induced internal fields. The same applies to a wide range of nanostructure-based photovoltaic device components, such as quantum well and quantum dot structures or highly doped tunnel junctions, where the local electronic structure deviates strongly from the flat band bulk picture conventionally assumed in photovoltaic device simulations.
In this situation, microscopic theories on the quantum kinetic level allow for the step beyond the local and macroscopic description by enabling the consideration of arbitrary potential variations and general nonequilibrium carrier distributions at the nanoscale. For the specific case of photovoltaic devices, where optical transitions and charge carrier transport are equally important, such a theory has recently been formulated based on the non-equilibrium Green's function formalism (NEGF) and has been applied successfully to the investigation of a number of nanostructure based solar cell architectures. [1] [2] [3] [4] [5] In the present study, the focus is on the impact of structure, doping or bias induced nanoscale potential variations on the local photogeneration rate and the photocarrier transport regime, as these features are not accessible in macroscopic approaches. 6 
Theory framework
The general NEGF theory of nanostructure-based solar cell devices is described in detail in Ref. 7 . Here, only the elements relevant for the current investigation will be presented. In consideration of the high computational cost associated with the NEGF simulation approach, the current application of the formalism is restricted to the technologically most relevant class of thin-film devices containing planar nanostructures.
Green's functions and self-energies for planar systems
In the case of planar device architectures, the charge carriers are described by a slab representation for the steady-state Green's functions (GF),
where A is the slab cross section area. The classical electromagnetic field is expressed via the vector potential
The steady state charge carrier GF are obtained from the integro-differential equations
with
The non-interacting partĤ 0 of the Hamiltonian contains the electronic structure (at this stage a simple two band effective mass model) and the electrostatic mean-field potential from coupling to the Poisson equation via the nonequilibrium carrier densities,
The termĤ eγ = − e m0Â (r, t) ·p is used to describe the interaction of charge carriers with photons that is required for radiative generation and recombination processes via corresponding non-local self-energies, e.g., for electrons in the conduction band,
where the local approximation of the momentum averaged GF of free field photon modes,
was used in the last line. This corresponds to emission into an optically homogeneous medium. The classical electromagnetic vector potential A in the multilayer device is obtained from the conventional transfer matrix method (TMM).
The local extinction coefficient used in the TMM is related to the local absorption coefficient as obtained from the microscopic interband polarization in terms of the charge carrier Green's functions. 8 At this point, it should be noted that for detailed balance to hold, both self-energies should be expressed in terms of the same photon GF, which can be obtained from an additional set of Dyson and Keldysh equations similar to (3) and (4). 9 In addition to the electron-photon interaction, the coupling of charge carriers to phonons also needs to be con-sidered for the description of relaxation effects and phonon-mediated transport processes. Here, it is included via the standard self-energy on the level of the self-consistent Born approximation based on the non-interacting equilibrium
Green's functions of bulk phonon modes. 10 
Absorption, generation rate and photocurrent
The local and spectral photogeneration rate g at fixed photon energy (∼ E γ ), polarization (∼ µ) and incident angle (∼ q , E γ ), where q is the transverse photon momentum, is related to the corresponding local absorption coefficient α and local photon flux Φ via
In the NEGF formalism, the spectral photogeneration rate can be obtained from the expression for the local integral radiative interband generation rate G in terms of electronic Green's functions and self-energies, 8 which for charge carriers in the conduction band reads
At the radiative limit, the short circuit current density J sc is directly given by the incident photon flux and the total absorptance of the slab,
On the other hand, the recombination-free limit of the short circuit current derives from the quantities computed within the NEGF formalism as follows:
where j c denotes electron current in the conduction band, which is given terms of the charge carrier Green's functions
Together, Eqs. (12)- (14) yield the following expression of the absorptance in terms of the local generation spectrum:
Using the electron-photon self-energy (7) in expression (12) for G, the local spectral photogeneration acquires the following form:
where Π is the photon self-energy related to the non-equilibrium polarization function P and the momentum matrix
with the random-phase-approximation of the interband polarization function given in terms of the charge carrier GFs as follows:
Using (17) in (16), the final expression for the absorptance of a slab of thickness d = z max − z 0 acquires the form
The local absorption coefficient α which is required to provide the extinction coefficient
used in the TMM is formally defined by (11) in terms of the local values of photon flux and photogeneration. If the local variation of the electromagnetic field is neglected, an expression can be found that contains solely the local electronic properties,
Recombination and radiative dark current
In analogy to the photogeneration process, a local rate of radiative recombination can be expressed in terms of the emission self-energy and carrier GF,
which defines the transverse momentum average of the local and spectral radiative emission rater,
where the photon self-energy component Π < is given by (18) with ">" replaced by "<". The radiative dark current is then obtained as the spatial integral of the local recombination rate,
3 Numerical simulation results for showcase structures
In the following, deviations from the bulk or flat-band picture are revealed by applying the above formalism to specific structures encountered as components of advanced nanostructure based solar cell architectures, such as ultra-thin films, superlattices and heterostructure tunnel junctions. In all cases, the electronic structure is described by a simple two band model of a direct semiconductor, using either the effective mass approximation (EMA) or an sp z tight-binding (TB) approach, with parameters given in Tab. 1 in the appendix (EMA) or in Ref. 5 (TB). Intraband relaxation and energy dissipation is considered via inclusion of inelastic coupling of charge carriers to a single polar optical phonon mode as well as elastic coupling to acoustic phonons, and the extinction coefficient used for the light propagation is computed according to the local approximation in Eq. (22).
Field dependent generation and recombination in ultra-thin film absorber solar cells
Recently, plasmonic concepts were presented for strong confinement of the incident light in absorber layers with thickness of only a few nm. 11, 12 If such ultra-thin film solar cells remain based on bipolar junctions, such as the 40 nm
GaAs p − i − n diode with doping density of 3×10 18 cm −3 investigated here using the EMA with parameters given in Tab. 1, the doping-induced built-in potential is dropped over a very short distance (Fig. 1) , which results in strong doping-and bias-dependent band tailing (Franz-Keldysh) effects on the absorbance (Fig. 2) , and consequently on the shape of the monochromatic current-voltage characteristics (Fig. 3) . The bias dependent band tail leads not only to sub-gap absorption, but also to a red-shifting of the emission spectra under electrical injection at forward bias (Fig. 4) .
The decrease of the field with increasing bias causes the ideality factor of the radiative dark current to shrink towards 
Fig 2
The strong built-in potential present in the ultra-thin junction leads to a Franz-Keldysh tailing of the band edge, inducing the absorption of sub-band gap energy photons. Following the strength of the built-in field, the tailing (a) increases with doping density and (b) decreases with forward bias. The effect on the absorbance depends on the photon energy: while the absorption is increased at subgap energies, it is reduced above the band edge. 
Fig 5
The characteristics of the radiative dark current show a tunnel enhancement of the ideality factor which decreases as the field is reduced.
unity as the field-induced tunnel enhancement of the recombination process is reduced (Fig. 5 ).
Photocarrier transport in quantum well superlattice solar cells
Quantum well superlattice solar cells were proposed some time ago as tunable band gap absorber components in multijunction solar cells. 13 Recently, absorber structures with strongly coupled quantum wells have shown enhanced carrier extraction efficiency as compared to multi quantum well structures with decoupled wells. 14 Conventional approaches to the simulation of quantum well superlattice solar cells assume either an infinite superlattice at flat band conditions and band-like semiclassical transport 15 or ballistic transport via the transfer matrix formalism.
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Fig 6 Local density of states of a 20 period quantum well superlattice at vanishing bias voltage and (a) flat band conditions, corresponding to an intrinsic system, and (b) for a doping density of 2 × 10 18 cm −3 . While the effective band gap is increased as compared to bulk InGaAs due to confinement, the strong coupling results in a pronounced carrier delocalization and associated quasi-3d DOS. 2 . Due to the high degree of delocalization, the carrier escape probability is unity, i.e., the light JV-curve is the exact superposition of the bias dependent photocurrent from the absorptance and the radiative dark current.
Here, we use again the two-band EMA-NEGF approach. all bias voltages. As can be inferred from the current spectra, the minibands break up under realistic built-in fields, but at strong coupling, i.e., for thin barriers, carrier extraction proceeds almost ballistically. However, as shown in Fig. 9 for structures of coupled 2.5 nm wide InGaAs with InAlGaAs barriers of thickness increasing from 1.5 nm to 3.5 nm, for thick barriers, the character of carrier transport changes from ballistic to sequential tunneling assisted by phonon-mediated relaxation. Thus, a rigorous assessment of carrier extraction in a given superlattice structure under realistic operating conditions is provided at the quantum kinetic level only.
Absorption losses in double quantum well tunnel junctions for multijunction solar cells
In high-efficiency multijunction solar cells, double quantum well structures have been proposed as tunnel junctions with high peak currents as well as low optical transmission losses. 17 In the junction region, the pronounced spatial variation of the doping profile gives rise to extreme band bending effects. As shown by recent NEGF simulations employing a sp z tight-binding basis, 5 the strong fields result in large deviations of the local density of states from the situation at flat band conditions, apparent in both bulk injection and quantum well tunnel zones (Fig. 10a) . The local structure of bound and quasibound states in the junction region not only affects the tunneling transport of charge carriers, but also the local absorption coefficient (Fig. 10b) . The associated absorbance no longer reflects the joint density of states of either the bulk injection regions or a regular square well potential (Fig. 10c) . 
Conclusions
The strong local potential variations that are present in ultra-thin or nanostructure based solar cell devices have a large impact on the photogeneration, photocarrier extraction and radiative recombination processes, which is fully captured by the NEGF-based simulation framework proposed. Notable examples are strong field induced band tailing effects in ultra-thin junction solar cells, with associated red shift in the absorption and emission spectra. It is further shown that the deviations from the flat band bulk picture are of special relevance for the assessment of carrier transport in superlattice solar cells and of the absorption losses in novel tunnel junction architectures for multijunction devices.
5 Appendix 16 Courel, M., Rimada, J. C., and Hernández, L., "GaAs/GaInNAs quantum well and superlattice solar cell," Appl.
Phys. Lett. 100, 073508 (2012). The bias dependence of the absorbance at different photon energies as displayed in Fig. 2 is reflected in the monochromatic current-voltage characteristics (@0.1 kW/cm 2 ).
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With the field-induced extension of the band edge to lower energies, the emission is also redshifted.
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Local density of states of a 20 period quantum well superlattice at vanishing bias voltage and (a) flat band conditions, corresponding to an intrinsic system, and (b) for a doping density of 2 × 10 18 cm −3 . While the effective band gap is increased as compared to bulk InGaAs due to confinement, the strong coupling results in a pronounced carrier delocalization and associated quasi-3d DOS.
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Current voltage characteristics of the 20 period superlattice in the dark and under monochromatic illumination with photons of 0.95 eV and at 0.1 kW/cm 2 . Due to the high degree of delocalization, the carrier escape probability is unity, i.e., the light JV-curve is the exact superposition of the bias dependent photocurrent from the absorptance and the radiative dark current. 
